Rosbottom, I, Roberts, KJ and Docherty, R (2015) The solid state, surface and morphological properties of p-aminobenzoic acid in terms of the strength and directionality of its intermolecular synthons. CrystEngComm, 17 (30). 5768 -5788. ISSN 1466-8033 https://doi.org/10.1039/c5ce00302d eprints@whiterose.ac.uk https://eprints.whiterose.ac.uk/ Reuse Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy solely for the purpose of non-commercial research or private study within the limits of fair dealing. The publisher or other rights-holder may allow further reproduction and re-use of this version -refer to the White Rose Research Online record for this item. Where records identify the publisher as the copyright holder, users can verify any specific terms of use on the publisher's website.
Introduction
The study of crystal surfaces from a structural perspective can be a powerful tool in predicting the optimum conditions for solution crystallisation. Understanding and controlling the shape of crystals can be a critical quality attribute in terms of enabling an active ingredient to be processed to a viable product. 1 Morphology prediction and screening is therefore very important for industry to obtain desirable crystalline shapes for filtering and downstream processing. These predictions can further the knowledge of the growth mechanisms of a crystal surface and through this direct the final morphology of a crystalline particle. In addition, knowledge of the surface chemistry of crystals, as derived from morphological simulation, can provide a vital insight into the materials crystal/crystal aggregation properties and hence their formulation. deal with these directional H-bonding interactions, and this has been demonstrated in the prediction of the morphology of β-succinic acid. 10 In 1954, Hartmann and Perdok 11 expanded Born's assumption that surface energy is directly related to chemical bond energies 12 through the periodic bond chain (PBC) theory and introduced the term 'attachment energy' (E att ). PBC's are strong stoichiometric intermolecular interactions that run in-plane with respect to a growing face and any face containing at least two of these can be assumed to facilitate stable, slow growth and therefore be present at the surface of an experimentally grown crystal. 11 In turn, it is then assumed that the faces with a low attachment energy grow slowly and are therefore morphologically important. This idea was expanded for inorganic materials by Dowty with the use of the term 'template fraction', which describes the fraction of energy holding growth layers to substrates. 13 Hartmann and Bennema showed that assuming the relative attachment energies are proportional to relative face specific crystal growth rates is a valid approximation for faces growing by either a Burton, Carbera and Frank (BCF) mechanism 14 or birth and spread mechanism 15 below the roughening transition temperature, 16 and a robust method for deriving the morphology of molecular crystals from their internal structure and symmetry was demonstrated by Berkovich-Yellin. 17 Building on this, computational methods for the routine prediction of the strength, directivity and dispersive nature of intermolecular interactions, together with their summation for predicting crystal lattice and surface attachment energies for morphological prediction were developed through the HABIT programme 18 by Roberts and co-workers. 19 In parallel to this, within the crystallographic, solid-state and supramolecular chemistry community, the importance of hydrogen bonding interactions and graph theory 20, 21 was recognised, in particular their potential importance for understanding polymorphism 22 and for crystal engineering the design of materials. 23 More recently, the concepts as to how the shape of molecules, together with the directionality and strength of their interactions, can strongly influence the physical properties of crystalline materials have been reviewed by Desiraju. 24 The attachment energy model relies, to some extent, on the interactions between the molecules interacting at the crystal surface and the solution being almost the same as the bulk interactions of the crystal, and this proportionality concept has been proved to be a good approximation for a variety of studies. 18, [25] [26] [27] Calculating the relative strength of the intermolecular interactions using atomistic force-fields derived from empirical data, through the atom-atom method, 28 can provide good prediction of the physical properties of molecular crystals. [29] [30] [31] [32] [33] However, more recent publications highlighted the option to optimise these potentials against ab initio data and crystal structures to create an interatomic interaction potential which is specific to each crystalline system. [34] [35] [36] The most significant drawback of the attachment energy model is that it fails to take into account external conditions such as temperature and surrounding solvent interactions with a crystal surface. More recent models attempt to account for the effect as to how a surface de-solvates prior to solute incorporation by calculating solvent binding energies and applying models that considers the size of the surface and the concentration of the solution. [37] [38] [39] Further models have also attempted to predict the effect of different growth mechanisms on the attachment energy of a given surface, 40 but these models have yet to be proven effective over a required number of crystalline systems and environments. Molecular dynamics simulations can provide valuable information in predicting the solvent adsorption at a surface and how this affects crystal growth [41] [42] [43] but the downside of this approach is that these calculations are often time consuming and require a high amount of molecular modelling expertise.
In this study, a holistic method is presented, which can be relatively easily reproduced by less specialised computational scientists, for examining crystal morphology by analysing the molecular, crystal structure and morphological properties of a model organic system, i.e. the α and β forms of p-amino benzoic acid (pABA). To achieve this, the conformational space of the molecule and the intermolecular hydrogen bonding lengths are compared to similar crystal structures present in the Cambridge Structural Database (CSD). 44 The lattice energies are calculated and the individual atom and functional group contributions to the lattice energy are compared between the α and β polymorphs. The bulk intermolecular interaction strengths are calculated and ranked, and the dominating interatomic interaction type established. The morphology of the two polymorphs is predicted assuming monomer attachment to each crystal surface. In addition, the morphology of α is predicted assuming a carboxylic acid dimer is the attaching crystal growth unit. Finally, the surface chemistry of both forms is analysed by establishing the key intermolecular interactions that contribute to the attachment energies of the morphologically important surfaces. This is summarised in Scheme 1.
Synthonic modelling
Synthonic modelling draws upon the molecular and crystallographic structure of a material and involves the calculation of the strength, directionality and chemical state associated with pairwise intermolecular interactions (synthons) within a crystal structure using the atom-atom approach. 45 This information can be used to predict physical and chemical properties of the crystal such as shape, cluster stability, mechanical properties etc.
Bulk intrinsic synthons
Summation of intermolecular interactions can be used to calculate a molar lattice energy. The intermolecular interactions can be ranked by strength or distance and outputted for analysis, along with the atom by atom contribution to the lattice energy summed over the asymmetric unit. Further analysis of the lattice energy as a function of limiting radius can be utilised to reveal information on the initial coordination sphere of a crystal structure involved in nucleation and the early stages of the growth process. In turn, this reveals the intermolecular interactions that need to be saturated in the bulk crystal chemistry for lattice energy convergence. The bulk saturated intermolecular interactions can be referred to as 'intrinsic synthons'.
Surface extrinsic synthons
The lattice energy can be partitioned into slice and attachment energy per surface as defined by specified Miller planes (hkl). The magnitude of the attachment energy per face can be taken to predict the relative growth rate and hence morphological importance of the surface. Face-specific information, such as which of the bulk intrinsic synthons are unsaturated (broken) due to surface termination can be outputted for analysis. These unsaturated interactions are known as 'extrinsic synthons'. The nature and strength of these interactions, combined with molecular scale modelling of the predicted surfaces using molecular visualisation software, can be used to reveal detailed information on the surface chemistry of the important faces and how e.g. the solute and solvent molecules potentially bind and incorporate into the lattice.
This information can then be directly related to the relative growth rate and size of the crystal face.
Materials and methods

Materials
This study focuses on the α and β forms of pABA. The crystal structures of these forms (AMBNAC01 and AMBNAC06) are taken from the CSD. 44 The molecular structure of pABA consists of a phenyl ring with a carboxylic acid group and amino group in the para position (Fig. 1) .
pABA is known to crystallise in two well-characterised polymorphs, α 46 and β. 47 A recent study has revealed a third Scheme 1 Flow diagram of how the data was obtained for each stage of the morphological analysis. Structure file preparation, charge and initial calculations shown in white. CSD data analysis shown in blue. Bulk intermolecular interaction data shown in green. Surface and morphological data shown in yellow. Fig. 1 The molecular structure of pABA. Functionality consists of three hydrogen bonding donors (amino hydrogens and carboxylic acid hydrogen) and three hydrogen bonding acceptors (amino nitrogen and carboxylic acid oxygens).
polymorph, this has an orthorhombic crystal structure, which was found by crystallising from aqueous solutions containing pABA and selenous acid, 48 but this latter structure was not considered here. Both the α and β crystal structures are monoclinic with a P2 1 /n space group. The α form crystallises with two molecules in the asymmetric unit and eight molecules in the unit cell with dimensions a = 18.55 Å, b = 3.86 Å, c = 18.64 Å and β = 93.56°. The β form crystallises with one molecule in the asymmetric unit and four molecules in the unit cell with dimensions a = 6.27 Å, b = 8.58 Å, c = 12.36 Å and β = 100.13°. Fig. 2a shows that the packing of the α form is found to be dominated by the formation of non-equivalent OH⋯O H-bonding dimers between neighbouring carboxylic acid groups. In addition, the pABA molecules are found to form a head to head stacking motif in the b direction creating π-π stacking interactions. Fig. 2b shows that the packing of the β form is found to be dominated by a 4 membered H-bonding ring motif consisting of alternating OH⋯N and NH⋯O H-bonds. In addition, the pABA molecules are also found to form head to tail stacking motifs creating π-π stacking interactions.
The α form of pABA is observed to crystallise in a needlelike morphology, while the β form has a more equant morphology. 49 The α morphology is of particular significance due to the associated issues with controlling the chemical process behaviour of needle-like crystals in pharmaceutical and fine chemical industries. Hence, there is a desire to control the shape of crystalline particles and recent studies have highlighted the challenge of predicting and experimentally controlling the morphology of needle-like crystals. 39, 50, 51 Therefore there is a clear need to better understand the growth of these crystals from a molecular standpoint. 53 The .cif file was imported into Materials Studio, the unit cell of the crystal was built to apply the symmetry and the structure was then exported as a .car file (Cartesian coordinates). The Cartesian coordinates were then converted into fractional coordinates.
3.2.3. Lattice and attachment energy calculations. HABIT 18, 54 was used for the calculation of the pairwise intermolecular interaction strengths and lattice energy. HABIT takes structural information and constructs a series of unit cells in three dimensions. From a molecule in the origin cell, the non-bonded energy between it and all other molecules in the other unit cells are calculated within a user-defined radius. The breakdown of lattice energy per molecule, atom type and functional group was achieved using the DEBUG-2 function. For the purposes of molecular analysis, pABA was sub-divided into three molecular components: amino, phenyl and carboxylic acid. The functional group contributions to the lattice energy reflect the summation of the individual contribution of the atoms involved within each component. The contributions per functional group and per atom type were summed over the asymmetric unit. The ranking of the intermolecular interactions by strength was outputted using the DEBUG-1 function. The α form has two molecules in the asymmetric unit (α1 and α2) and the lattice energy was averaged over the summations with respect to the two molecules. Therefore the ranking of intermolecular interactions had to be partitioned between α1 and α2. These calculations were initially based on a monomer growth unit, and then on the basis of carboxylic acid H-bonding dimer growth unit.
The intermolecular interactions were calculated using the Momany force-field 29 containing a Lennard-Jones potential for the vdW interactions, a specific 10-12 H-bonding potential and a Coulombic term with respect to the electrostatic interactions. This force-field has previously shown good correlation of calculated and experimental lattice energies of crystalline materials containing both H-bonding and π-orbital functionality. For the calculations of the electrostatic interactions, the Restrained Electrostatic Potential (RESP) charges based on ab initio MP2/aug-cc-pvtz theory derived from the Antechamber within Ambertools were calculated. 56 The single molecule of pABA was optimized at the MP2/aug-cc-pvtz level and the optimized structure's electrostatic potential was calculated with Gaussian09. 57 The ESP data created from Gaussian is converted into a RESP format in Antechamber and finally the RESP fit is applied with Ambechamber to calculate the actual RESP charges.
From the intermolecular energy calculations, the lattice energy was calculated (E cr ). The suitability of the potential was evaluated by comparison with the sublimation enthalpy (ΔH s ), given by eqn (1):
The most likely growth slices were selected on the basis of the BFDH rule using MORANG, 9 stating that the faces with the largest interplanar spacing (d hkl ) are likely to be morphologically important at the surface. 5 For the slices with the largest interplanar spacing, the lattice energy (E cr ) was partitioned into slice energy (E sl ) and attachment energy (E att ), according to eqn (2):
The relative attachment energies of each face were expressed as centre to face distances, then used to create a Wulff plot to represent the external morphology using SHAPE. 53, 58 In addition, the surface anisotropy factor:
was calculated to provide a measure as to how satisfied the possible intermolecular interactions of a molecule at a growing surface are when compared to those of a molecule within the bulk.
The nomenclature used to label the interactions identified the strongest interaction as capital A (i.e. alphabetically), with α or β referring to the polymorphic form and 1 or 2 relating to the different crystallographically independent molecules within the asymmetric unit (α-structure). The packing diagrams were annotated to show some of the strongest interactions with two labels on, e.g. Dα1/Dα2, indicates the intermolecular interactions between the two molecules within the asymmetric unit.
This basic nomenclature was also used to characterise the surface-specific interactions at a given surface (hkl).
3.2.4
Analysis of the Cambridge structural database. Analysis of the molecular conformation within the crystal structures was undertaken using the CCDC tools. 53 Conquest 1.16 (ref. 53 ) was used to define the fragments and torsion angles to search for in the CSD. The NH 2 torsion angle was defined as the torsion between the plane of the phenyl ring carbons and the hydrogens attached to the nitrogen, using a four body torsion C-C-N-H. Similarly, the COOH torsion angle was defined as the torsion between the plane of the phenyl ring carbons and the two oxygens on the COOH group, using a four body torsion C-C-C-O. The outputted results were analysed using Mercury 3.3. 53 3.3 Experimental methods 3.3.1 Growth of crystals. Crystals of α-pABA for comparison to simulation were prepared by spontaneous nucleation by slow solvent evaporation from saturated ethanol solutions.
Optical goniometry.
The angles between the crystal faces of experimentally grown crystals were measured using a Huber 2-circle optical goniometer. The crystals were mounted so that the (0 1 0) zone of the crystal could be viewed, and the crystal was rotated, noting the angle at which strong reflections of the light were observed. In addition, for the morphological analysis, the expected interplanar angles were calculated using Morang. 9 Table 1 summarises the examination of the molecular structure, crystal chemistry, CSD analysis and key intermolecular interactions, highlighting how they contribute to the lattice energy. The detailed analysis of these results is presented in sections 4.1-4.4.
Results and discussion
Conformational analysis
The torsion angles of the functional groups of published structures of both polymorphs are shown in Table 2 . Table 2 shows the COOH group of the α structures were found to be almost completely planar with respect to the phenyl ring, while the β structure was found to have a torsion angle of around 10°. The formation of the OH⋯O H-bonding dimers that run planar to the phenyl ring appears to hold the COOH planar with respect to the phenyl ring, while the NH⋯O and OH⋯N interactions in the β form are not directed planar to the ring and hence the torsion angle is around 10°away from the plane of the ring. Fig. 3 reveals that the majority of crystal structures with a COOH group attached to a phenyl ring in the CSD are close to planar.
The conformation of the NH 2 group is of some interest as the two structures published in the CSD have different conformations, the structure published by Lai in 1967 showing a torsion angle of around 12°from the plane of the phenyl ring, while the more recent structure from Athimoolan suggests that it is planar. Fig. 3b shows the majority of structures were found to have a close to planar NH 2 . The spread of hits at more pyramidal angles was found to be fairly level all the way up to 45°. Comparison of the calculated lattice energies, ranking of intermolecular interactions and attachment energies showed little difference between the planar and pyramidal structures for the major interactions of α-pABA (section S4, ESI †). This analysis, together with recently published work by Schroeder et al. 61 suggesting that the NH 2 in the α structure may be pyramidal, resulted in the crystal structure with the pyramidal NH 2 group published by Lai et al. (AMBNAC01) being chosen for this study.
Lattice energy calculations
The lattice energy for each structure was calculated and compared to experimentally measured sublimation enthalpies. The experimental lattice energy, as calculated from eqn (4) and based on published sublimation enthalpy data for α-pABA was found to be between 26.77 kcal mol −1 (ref. 62) measured at 373 K using a torsion effusion method, and 27.25 kcal mol −1 (ref. 63 ) also measured at 373 K using a calorimetric method. The calculated lattice energy for the α-form was found to provide a good match to sublimation enthalpy data, hence suggesting that the Momany force-field was a sensible choice for calculating the strength of the intermolecular interactions within the crystal structures of pABA. There are no known published values for the sublimation enthalpies of β-pABA. Table 1 demonstrates how the intermolecular packing for each polymorph affects the respective contribution of the functional groups to the lattice energy. In this, the NH 2 group was found to contribute significantly more to the lattice energy of the β structure than α, as in the β structure the NH 2 acts as a H-bonding donor and acceptor, while in the α structure the NH 2 acts only as a donor. The strong H-bonds formed between the COOH groups in the α structure consequently give a larger contribution from the COOH group in α than β.Ta bl e1al soco mpares the functional group contribution to the lattice energy of the α structure based on both monomeric and dimeric building blocks. The loss of the intermolecular energy from the carboxylic acid group was found to result in the major contributor to the lattice energy becoming the phenyl ring group, with the π-π stacking interactions becoming, in terms of interaction energy, the most important synthons in the crystal structure.
The individual atom-atom contributions to the lattice energy are given in Fig. 4 .
The atomistic contributions to the lattice energy from the asymmetric unit shown in Fig. 4 for both polymorphs reflect the intermolecular packing of both structures. The β form was found to show a significantly increased contribution from the amino nitrogen and hydrogens when compared to that for the α form, as the amino functional group acts as both a H-bonding donor and acceptor to form the primary H-bonding synthons of the β structure. Conversely, it is interesting to note the significant increase in contribution from the hydroxyl hydrogen in the α form compared to that of the β structure. This reflects the much greater strength of the OH⋯O H-bonds compared to the OH⋯N H-bonds in β, and how important they are in formation of the α crystal structure.
Bulk intrinsic synthons
To understand which interactions need to be saturated for lattice energy convergence, the strongest interactions in each polymorph were evaluated. Table 3 shows that the strongest interactions in the α form were found to be the H-bonding dimers between the carboxylic acid groups, contributing approximately 23% of the calculated lattice energy. Interestingly bond Cα, which involves the more isotropic vdW forces due to π-π interactions between close packed molecules of pABA stacking along the b-axis, was found to contribute approximately 22% of the total calculated lattice energy. Fig. 6 and Table 4 shows the contributions from the strongest interactions in the β-form is much more evenly spread in 3-dimensions with respect to the α-form. The top four interactions all contribute above 10% of the lattice energy. Of these, the two most important interactions (Aβ and Cβ) which each were found to contribute around 22% to the lattice energy, are the OH⋯N H-bond and the polar interactions between the two COOH head groups. The functional group contribution analysis with respect to the lattice energy as highlighted in Table 1 is further expanded in columns 7-9 in Tables 3 and 4 by considering the difference in their % contributions to the intermolecular interaction strengths, both within the ranked lists for each polymorph, as well as between the polymorphic forms. For example, the carboxylic H-bonded dimers (Aα) were found to have over 96% of its interaction centred on the COOH group, while the π-π stacking interaction (Cα) was found to be more centred on the phenyl ring, with over 72% of the interaction contributed by the phenyl ring.
These pair-wise synthonic interactions are shown in Fig. 7 and highlight the important bulk synthons for each structure.
It is interesting to observe that both structures were found to contain a π-π stacking motif, with the α structure containing a head to head stack and the β structure containing a head to tail stack. Fig. 8a shows the head to head α stacking motif. The stacking motifs Cα1 and Cα2 associated with the two different molecules in the asymmetric unit are almost identical and form a strong intermolecular interaction. The stacking is slightly offset so that the negative nitrogen and positive hydrogen atoms can form stronger atom-atom electrostatic interactions at one end, whilst the negative oxygen and positive carbon can interact in the same way at the other end. Fig. 8b shows the β motif to be a head to tail stacking dimer that is even more offset than that in the α stacking motif. This suggests that the electrostatic interactions between the more polar atoms in the NH 2 and COOH functional groups are the dominating atom-atom interactions in this dimer motif. This is despite the interatomic distances of the strongly interacting atoms being slightly longer in the β stack compared to that present in the α stack. This particular stacking motif was predicted to be the strongest synthon in the β structure, although the energies of this interaction and the OH⋯N and NH⋯O H-bonding interactions are very similar. Fig. 9 shows the density of hits in the CSD of the OH⋯O, OH⋯N and NH⋯O interactions as examined as a function of distance and angle. Fig. 9 revealed that the hit density of structures with OH⋯O H-bond lengths between 1.8 Å and 2.1 Å was very high. It also showed that the more linear the bond angle between the molecules, then the higher the amount of hits. The H-bond length and orientation of the carboxylic acid H-bonding dimer interactions in the α structure were found to be close to the centre of this dense area of structures, consistent with this being a common and stable interaction. Contributions of the two molecules of α broadly similar due to the similar environments, whereas the β form shows increased importance of the amino hydrogens and hydroxyl hydrogen, and decrease in contribution from carbonyl oxygen. Reflects COOH dimer formation in α and NH 2 donor and acceptor capabilities in β.
CSD analysis of important H-bonding interactions
The majority of the OH⋯N H-bonding interactions found in the search of the CSD were between 160°and 180°and had bond lengths of 1.8-2.1 Å. The OH⋯N H-bonding length of 2.15 Å in the β structure was also found to be within a dense area of structures containing a similar bond length, once again suggesting that this is a common stable interaction that is a key synthon in the molecular self-assembly and formation of the β structure.
The spread of hits for the NH⋯O interactions in the CSD was found to be a little wider in terms of bond length compared to the OH⋯O and OH⋯N interactions, though the highest density of hits was found to be around 2 Å. The shorter interactions tended to have more linear interactions, but as the NH⋯O bond length increased, the bond angle was found to move away from a linear conformation, suggesting that these structures could be more amenable to a change in geometry as the NH⋯O bond length increases, mindful that these interactions would be expected to be weaker and possibly not the major interactions that stabilise the crystal structure. This appears to be the case for the NH⋯O interactions present in the α and β forms of pABA.
Morphological simulations and surface chemistry analysis
4.5.1 Attachment energy morphology analysis. The calculated attachment energies for the major faces as predicted by the BFDH model for both forms are shown in Table 5 .
The degree of satisfaction of the intermolecular interactions of a molecule at a surface compared to a molecule in the bulk can be related to how labile a surface is to accepting molecules from solution and therefore how fast a given surface will grow. Table 5a shows the degree of satisfaction of a molecule within the α-structure for the different faces from the monomer binding calculation is markedly diverse, with the slow growing (1 0 1 Table 5a resulted in the flat lathe-like morphological prediction shown in Fig. 10a and c. A comparison of the attachment energies calculated for α-pABA using the dimer growth unit, revealed that the attachment energy of the (1 0 1) surface is increased when compared to that calculated for the monomer form, with the attachment energies of the (1 0 −1) and the capping surfaces being relatively reduced. This reduction of the attachment energy of the capping surfaces resulted in the prediction of a less plate like morphology shown in Fig. 10b and d , with the predicted inclusion of the (0 0 2) and (2 0 0) surfaces.
Both monomer and dimer based morphological simulations have lower aspect ratios with respect to those observed from the experimentally grown crystals shown in Fig. 11 . Studies of the crystal growth rates for the capping faces of α-pABA is consistent with their growth by a linear dependence of the growth rate as a function of supersaturation, suggesting a rough interfacial growth mechanism (RIG). This reflects the strong intermolecular solute/surface recognition Table 4 . Tables 3 and 4 for both forms of pABA that are required to be satisfied to converge the lattice energy. Pairwise interactions visualised for clarity. Combination of H-bonding and vdW interacting synthons important for both structures. from the solution phase to crystal habit surface due to the strong π-π stacking interactions. 56 In contrast, the side (1 0 −1) surfaces were found to grow by a B&S mechanism. 56 The attachment energy morphology is essentially a prediction of the growth morphology under equilibrium conditions, i.e. at zero supersaturation, and this provides a good prediction for crystals that grow by a BCF 14 or B & S 15 mechanism. This higher growth rate for the capping face, with respect to that of the side faces, probably explains why the growth (kinetic) morphology is less consistent with the predicted equilibrium morphology. Fig. 11a shows that at very low supersaturations α-pABA appears to present a more flat and lathe-like morphology. Though still longer than the monomer morphology prediction, the general flat shape appears to correlate to the low supersaturation crystal featuring a dominant flat face being the (1 0 1) surface. Fig. 11b shows at σ = 0.07, the shape of the crystal appears thicker and seems to include more faces in the b-axis zone of the crystal, probably the (0 0 2) and (2 0 0) surfaces that appear in the dimer morphological prediction. Recent work by Sullivan and Davey suggests that the (1 0 1) and (1 0 −1) surfaces do not completely dominate the b-axis zone of facets ( Fig. 12b and d) , and that the morphology is 6 or even 8 sided, with increased importance of the (0 0 2) face. 64 The morphological sketch in Fig. 12a suggests that in the 6 sided shape in Fig. 12b , the extra face is indeed the (0 0 2) surface. However, the morphological sketch in Fig. 12c suggests that both the (0 0 2) and (2 0 0) faces can be present in the growth morphology of α-pABA. Table 5a and b show that the predicted attachment energy for these minor habit surfaces were found to be very similar to each other for both the monomer-and dimer-based calculation. The latter would suggest that the growth rates for these faces would be very similar and, hence, there would be a competition between these two faces in terms of them appearing in the final Fig. 9 H-bonding data from the CSD of H-bonding angles and distances of OH⋯O (top), NH⋯O (middle) and OH⋯N (bottom) interacting groups. All interactions from the pABA crystal structures were found to be in a dense area of hits suggesting these are stable common interactions. Table 5 (a) Slice, attachment and anisotropy factor of the important faces predicted by the BFDH rule of α-pABA in monomer mode. (b) Slice, attachment and anisotropy factor of the important faces predicted by the BFDH rule of α-pABA in dimer mode. (c) Slice, attachment and anisotropy factor of the important faces predicted by the BFDH rule of β-pABA growth morphology. Table 6 shows experimental interplanar angles in the (0 1 0) zone for an α-pABA crystal with respect to those calculated based on the unit cell parameters. The interplanar angles were found to match reasonably well to the calculated interplanar angles, suggesting the appearance of the (0 0 2) and (2 0 0) faces in the experimental crystal morphology that are shown in Fig. 12c .
As with the b-axis zone of the crystal facets, the end capping faces also appeared to show variations in the final experimental growth morphology with respect to predictions. The monomer attachment energy prediction (Fig. 10e) showed the (1 −1 0) and (−1 −1 0) faces at the end of the crystal. However, comparison of calculated and measured interplanar angles between the edge (1 0 −1) surfaces and with those of the capping faces suggested that the capping face is more likely to be the (0 1 −1) face. That said, the attachment energies of the (0 1 −1) and (1 −1 0) faces were seen to be very similar (Table 5a ), suggesting that the appearance of these faces at the capping end of the crystal is very competitive.
β-form.
The attachment energy, and hence the anisotropy factor, for the morphologically important surfaces of the β-form were found to be relatively similar, and thus, more isotropic growth would be expected in 3D. Fig. 12a and b show the attachment energy morphological prediction of β-pABA to have a diamond-shaped morphology, with more equal growth in the different crystallographic directions. This is consistent with the attachment energies calculations given in Table 5c .
The attachment energy prediction for the β polymorph compared to experimentally grown crystals is shown in Fig. 13a and b and shows that the morphological prediction this gives a good match to the shape of the experimentally grown β-pABA crystal shown in Fig. 13c .
However, the simulation shown in Fig. 13a shows a multifaceted top surface, whereas Fig. 13c shows a flat top surface. From the morphological sketch in Fig. 13d , it would appear likely that the dominating top face is the (1 0 1) surface. Table 5c shows that the attachment energies of the individual faces of β-pABA were found to be similar, suggesting that the growth rates are quite similar to each other and hence the associated crystal growth mechanisms are probably the same. This is in contrast to α-pABA and is probably a factor as to why the attachment energy morphological prediction of β-pABA gave a greater resemblance to experimental crystals when compared to α-pABA.
Surface chemistry analysis
4.5.3.1 α-form. The previous analysis of the intermolecular interactions was from the bulk crystal structure (Fig. 6 , Table 4 ). In this case, the specific unsaturated interactions that contribute to the attachment energy at each of the present surfaces were characterised for the monomer attachment energy prediction of both forms. Fig. 14a shows that the carboxylic acid H-bonding dimers were found to run in-plane at the (1 0 1) surface. Fig. 14b shows the π-π stacking in the b direction was found to be perpendicular to the growth direction of the (1 0 1) surface, and therefore not contributing to the attachment energy. Table 7 shows the extrinsic synthons were found to be made up of vdW interactions between the polar atoms of the COOH Fig. 11 (a) α-pABA grown in EtOH at σ = 0.03 for ten min. (b) α-pABA grown in EtOH at σ = 0.07 for ten min. and NH 2 functional groups. These interactions were found to be quite weak with all of them being less than 1 kcal mol −1 , hence the very low attachment energy predicted at this surface. Compared to the strongest bulk interactions, e.g. A, B and C representing the H-bonding carboxylic acid dimers and π-π stacking interactions, the strongest interaction for this face was found to be comparatively weak and is 10th (Jth) in terms of morphological importance. Such a low attachment energy and concomitantly weak interactions at this surface would be consistent with a slow growth rate for this surface (Fig. 15, Table 8 ). Fig. 12a and b shows the COOH and NH 2 functional groups were found to be orientated almost parallel to the direction of growth of the α-pABA (1 0 −1) surface. The H-bonds between the COOH groups were found to form almost parallel to the growth direction of this surface, hence promoting much faster growth in this direction when compared to that of the (1 0 1) surface. Fig. 12c shows reactive H-bonding functional groups exposed at this surface, while the π-π stacking were found to form almost perpendicular to this surface and are therefore would not be involved with the growth of the (1 0 −1) surface. Table 7 shows that the interactions contributing to the attachment energy for this surface were found to be some of the strongest bulk interactions with the attachment energy predicted to be more than five times higher than that for the (1 0 1) surface.
The capping face (0 1 −1) was predicted to be the fastest growing of the morphologically important crystal surfaces. Fig. 16a of the space fill model shows how the molecules were found to close pack in zig-zag chains stacking along the b direction of the structure. The molecules were found pack more closely along this growth direction than the (1 0 1) or (1 0 −1) directions, and hence it is no coincidence that the (0 1 −1) surface was found to grow much faster than the ( 101 )o r( 10−1) habit surfaces. Fig. 16b shows the C intermolecular interaction that represent the intermolecular interactions created by the close π-π packing, and this interaction was found to be close to parallel with respect to the direction of growth. Table 9 shows the three strongest interactions contributing to the attachment energy at this surface, which were found to be the same as the three strongest interactions measured for the bulk interactions. The attachment energy model also predicted contribution from the OH⋯O intermolecular interactions between the H-bonding dimers to the growth of this surface. However, examining the in-plane molecular packing of the (0 1 −1) surface revealed that these interactions are not orientated significantly along the growth direction of this surface, which would be consistent with their reduced role in the growth of the (0 1 −1) surface.
These orientation effects then suggest that the dominant interactions promoting the fast growth of the (0 1 −1) surface are the π-π stacking interactions. The close packing is very favourable and coupled with the fact that the solvents used for crystallisation have strongly contrasting molecular structures, i.e. without any aromatics, would suggest that the surface/solvent interaction would be unlikely to disrupt this interaction and hence the growth process of the (0 1 −1) surface.
In this respect, it is also important to consider that α-pABA crystallises from polar protic solvents such as EtOH, MeOH etc. which can form strong H-bonds and thus each growing surface must de-solvate before incorporation of solute and growth can occur. The (1 0 −1) surface was found to have exposed H-bonding sites orientated directly out at the surface, not only having potential to form strong interactions with pABA, but also with H-bonding solvents. Such binding would have the effect of slowing down the de-solvation process, and hence through this the growth rate of the surface. In comparison to the capping (0 1 −1) surface, where the growth process was found to be dominated by the π-π solute binding interactions, the solvent binding strength for polar protic solvents would be expected to be much lower and hence the solvent effect on the growth process would be expected to be relatively low. Such a solvent binding effect on the (1 0 −1) surface might be a further factor explaining the discrepancy between the predicted and observed morphology
i.e. reflecting the fact that the actual solvent-mediated growth rate could be much lower than that predicted.
4.5.
3.2 β-form. Fig. 13 reveals the (0 1 −1) face is the largest face visible at the surface, but it does not dominate to the same extent as the (1 0 1) face in the α form. The (1 1 0), (1 0 1) and (1 0 −1) faces also contribute significantly to the surface area of the crystal habit. The analysis of the unsaturated synthons at the β faces present at the crystal surface was performed with the approach used for the α form (Fig. 17) .
Analysis of the (0 1 −1) surface revealed that it has exposed NH 2 and COOH groups that form the 4-membered H-bonding ring. The molecules were also found to stack out of the plane of this face to form the head to tail π-π stacking, hence Table 10 shows that the strongest interactions contributing to the attachment energy of this face were found to be in fact the same as the strongest bulk interactions. Fig. 14a of the space fill model shows how the molecules stack almost perpendicular to each other, resulting in more equal growth in different directions, consistent with the isotropic nature of the morphology observed for the β-form. The same can be observed for the NH⋯O and OH⋯N H-bonding interactions (Fig. 18, Table 11 ).
The pABA molecules were found to stack close to perpendicular to the β-(1 0 −1) surface growth direction and hence the stacking interactions were found not to contribute to the attachment energy of this surface. The OH group and the nitrogen were found to be orientated almost parallel to the growth direction of the (1 0 −1) surface, and hence these Table 7 Extrinsic synthons contributing to the attachment energy of the α-pABA (1 0 1) surface. Strongest interaction contributing to (1 0 1) growth is the Jth strongest in the bulk interactions, hence slow growth.
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Intermolecular energy (kcal mol interactions were found to dominate the growth of this surface The smaller faster growing (0 0 2) surface was found to have contributions from the H-bonding and π-π stacking interactions to the growth of this face. The zig-zag chains of OH⋯N and NH⋯O hydrogen bonds making up the 4-membered ring structure were observed to run closer to the growth direction of the (0 0 2) surface compared to the other important surfaces present in the β morphology. Fig. 19c reveals that the phenyl rings are found to be at about a 45°tilt away from parallel to the growth direction showing that there is some contribution to growth from the π-π stacking interactions as well as the H-bonds formed to the exposed NH 2 group. Table 12 shows that all three of the strongest bulk interactions were found to contribute to the attachment energy of this surface.
The strength and character of the extrinsic synthons associated with the major faces of the β form were found to be not dissimilar to the synthons found at the surface of the smaller faster growing faces. The more isotropic nature of the β packing which is dominated by the H-bonding ring means that the major interactions were found to be orientated in more than one crystallographic direction; hence they affect growth in different directions in 3D. The large, slow growing, (0 1 −1) and faster growing (0 0 2) surface were also found to have significant contributions from all of the 4 strongest intermolecular interactions. However, the amount of these interactions outside of the slice is found to be less in the (0 1 −1) surface than the (0 0 2) surface, hence the larger predicted area of this face at the surface. The (1 0 −1) surface has only two strong intermolecular interactions outside the slice, but there was found to be a large contribution from both interactions, hence it has a smaller area than the (0 1 −1) surface but a larger area than the (0 0 2).
4.5.4
Comparison between the α and β morphologies. This isotropic nature of the distribution and strength of the synthons in 3 dimensions found within the β structure is consistent with the attachment energy prediction more closely reproducing the experimental crystal compared to the α form. The variation in nature and strength of the faces in the α form suggest that the effect of solvent binding on growth rate will vary face to face, while the interaction with solvent at the faces of the β crystal will be similar at each face, hence the experimental solvent mediated morphology was found to be much the same as the morphology predicted in the vacuum state.
Experimentally it appears that the growth via π-π stacking in the α form was found to be more dominant than observed in the β form. Interestingly the amino hydrogens also showed a similar contribution for both polymorphs. This could suggest the NH⋯O interaction, that seems relatively unimportant for the α form, could facilitate the transition pathway between the α and β form as it is the main interaction that is found to be shared by both forms.
Conclusions
In this paper, the strength of the intermolecular interactions of pABA were calculated and their contribution to the lattice energy and morphology predictions of each polymorph was rigorously analysed for the first time.
The NH 2 group of the β form was found to contribute more to the lattice energy than the NH 2 of the α form, reflecting the H-bonding donor and acceptor role that the NH 2 plays in the β crystal structure, compared to the NH 2 acting solely as a H-bonding donor in the α structure. The COOH group was found to contribute significantly more to the lattice energy of the α form than the β form due to the formation of the strong carboxylic acid H-bonding dimers. In addition, the formation of these H-bonding dimers appears to hold the carboxylic acid groups rigidly planar with respect to the phenyl ring in the α structure, while the β carboxylic acid group was found to have a slight torsion angle of around 10°.
The morphological prediction of α-pABA with a monomer growth unit gave a flat, lathe like morphology, while prediction with a carboxylic acid dimer growth unit gave a less plate like morphology. Both of these morphologies were predicted to have a large (1 0 1) surface, and it is observed that the (1 0 1) surface interactions consist of weak vdW forces. Compared to the surface interactions of the side (1 0 −1) which were found to contain H-bonding interactions, and the capping faces which were found to contain π-π stacking interactions, these much weaker interactions result in a much slower growth rate for the (1 0 1) surface. The experimental morphology often appears much more needle like than the prediction. However, such morphological predictions reflect an equilibrium situation, i.e. zero supersaturation, while the experimental morphologies are, by definition, grown under supersaturated conditions. As seen from a previous study, 56 the capping faces were found to grow by a linear growth rate dependence with respect to supersaturation consistent with an RIG mechanism. Hence, the equilibrium morphological predictions would not be expected to predict the relative growth rates of a 3D set of surfaces crystallised under different interface kinetic mechanisms.
The dimer morphological prediction included the (2 0 0) and (0 0 2) surfaces, and comparison of some of the images from the publication by Sullivan and Davey 49 to morphological sketches suggest that these faces can indeed appear in the α morphology. This assertion was reinforced by interplanar angle measurements from optical goniometry. However, optical microscopy at differing supersaturation suggests that the morphology can vary in different conditions, and that it is not as simple as one set morphology for the α form.
Comparatively, the β morphological prediction gave a reasonable match to the general shape of the experimental crystal. There seemed to be an underestimation of the morphological importance of the (1 0 1) surface. The higher resemblance of the β morphological prediction to the experimental crystal compared to α is probably due to the more isotropic ring like crystal structure giving similar growth in all directions, and hence the growth mechanisms and growth rates are probably similar. This postulation was reinforced by the fact that the nature and strength of the intermolecular interactions at the morphologically important faces of the β structure were found to be relatively similar compared to the interactions at the morphologically important faces of the α form.
Overall this paper presents the results of a thorough, holistic analysis and methodology for understanding the interrelationship between the molecular and solid-state polymorphic structures with the morphology and surface chemistry of a crystalline system at the molecular level. 
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